Abstract-In this paper, we present the characterization of a Ku-band connected-dipole array for mobile Satcom application. The prototype array consists of 2 × 256 dipole radiators arranged in a square grid, to form 16 × 16 dual-polarized cells. It has been designed to operate over a wideband ranging from 10.7 to 14.5 GHz (30%), accommodating in a single antenna both the transmit (14.0 to 14.5 GHz) and the receive (10.70 to 12.75 GHz) bands for the application. The array has been characterized in terms of active reflection (AR) and radiation patterns. Dedicated test support equipment (TSE) has been developed and used to test the array radiation characteristics. Over the frequency range of operation, the array maintains good matching (ensuring system gain to noise temperature better than 8 dB/K) and good radiation performance while scanning as far as 60
I. INTRODUCTION

F
OR QUITE some years now, interest has been directed to mobile terminals utilizing broadband services provided by satellites. Especially, the aeronautical sector has gained significant attention, where broadband Internet access for passengers onboard of aircraft is expected to have a large market potential. Where previously a low (kb/s) data rate communication service with quasi-global coverage was available, the currently available services provide larger coverage and high (Mb/s) data rate links to be utilized. In-flight entertainment is one such communication service appealing to airline operators, requiring a high data rate link [1] . The prototype array discussed in this paper relates to this application. The general idea is to use TV-satellites having reached their end-of-life while still in good technical state for the service and to provide the necessary coverage. In-flight entertainment, therefore, makes use of the Ku-band, i.e., 10.70 to 12.75 GHz for receive and 14.0 to 14.5 GHz for transmit and requires dual-polarized capability.
For airborne platforms like airliners, a full hemispherical coverage of the antenna main beam becomes necessary. Even more, scanning surpassing the 90
• from zenith is required to account for pitch and roll of the aircraft [2] . Several antenna architectural solutions to provide this coverage have been studied. One example is presented in [3] and consists of a quasihemispherical array measuring 39 cm in height and 84 cm in diameter. Beam scanning relies on activating that portion of the array that is facing the satellite. Another configuration with six antenna panels, with one oriented to zenith, is explored in [1] . Despite the fact that such a solution would relax the requirement for the maximum scanning angle per panel, it is considered, like the hemispherical solution, to have too much impact on the aircraft fuselage, aerodynamics, and electrical and mechanical complexity.
For these reasons, in this work, we present the development of a single antenna panel capable of electronic scanning to 60
• conically. The hemispherical coverage (scan to 90
• ) can be achieved with some minor mechanical scanning. To minimize the impact and design complexity, the antenna array integrates both the transmit and receive functionality. The prototype array presented in this paper is based on the design introduced in [4] and then improved in [5] . Here, we present for the first time the experimental validation and we report the measured results obtained during the testing campaign. The differences in terms of requirements and capabilities between this array and the one in [4] are highlighted in Table I .
The antenna array is based on the connected array concept, formally introduced in [6] and theoretically further developed in [7] . Some of the present authors have continued to work on this concept in [4] , [8] - [10] . Examples of design, although referred to as tightly coupled elements [11] , can be found in [12] and [13] . In a connected array, the antenna elements are either electrically connected or strongly capacitively coupled, so that the array acts as a single antenna structure that is periodically fed. In separate antenna elements, the longitudinal currents are sinusoidal and strongly frequency dependent. Conversely, in a 0018-926X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. [4] connected array configuration, the currents remain uniform on the entire array and nearly constant with frequency. Besides the wide bandwidth, connected arrays also provide high crosspolarization suppression, which is an important requirement for the application at hand and should be better than 15 dB [1] . For the generation of the radiation pattern, ETSI [14] and ITU [15] recommendations were considered. These altogether define a power density mask to prevent interference with other satellites and ground-based stations. While, on one hand, the mask limits the maximum allowable beam width and side lobe level, on the other hand, there is the need to push the antenna gain such that a maximum number of identical clients can concurrently make use of the service with an as high as possible data rate. In practice, this boils down to an optimization of the amplitude tapering in combination with antenna size. Such an optimization resulted in an array of 70 × 70 dual-polarized cells with a raised cosine (−4.6 dB) amplitude tapering, which renders an adequate data rate between 49 Mb/s (148 identical users) and 14 Mb/s (42 identical users), respectively, at broadside (BS) and for 60
• of scan [1] . To experimentally validate the designed array, we did not construct the full sized array, but a scaled version (16 × 16 cells), eventually taking into account the consequent scaling of the pattern characteristics.
II. ARRAY PROTOTYPE
A. Unit Cell Design
The array unit cell is depicted in Fig. 1 . It consists of two orthogonal dipoles to attain the dual-polarization capability. The dipoles are printed on multilayer vertical printed circuit boards (PCBs), where slots are cut out for orthogonally interleaving the two sets of elements, as shown in Fig. 2 .
The unit cell measures 9 × 9 mm 2 , which is equivalent to 0.435 × 0.435 λ 2 0 at the highest frequency of interest. As shown in Fig. 1(a) , the vertical PCBs are intersected by two horizontal layers: 1) a metal sheet acts as a backing reflector, for ensuring unidirectional radiation, and 2) a thin dielectric layer implements a wide angle impedance matching (WAIM) sheet [16] , for improving the scan performance. The practical implementation of the reflector and the WAIM sheets will be described in the following section. The dipoles are capacitively loaded at their edges to compensate for the inductive effect imposed by the ground plane [11] . The capacitance is implemented by printing the two arms of each dipole on two different layers of the PCB and by overlapping the arms of neighboring dipoles, as shown in Fig. 1(b) . The final stack contains three Duroid RT5880 127-µm thick substrates and two RO2929 very thin (38 µm) bonding films, as depicted in the inset of Fig. 1(b) .
Design aspects of the array have extensively been treated in [4] , [8] - [10] , and as such the design process will not be repeated here. A difference with respect to earlier array designs, which operate at lower frequency regimes than the current one (S-and X-band), is related to the common-mode rejection loop. This loop has the purpose of improving cross-polarization suppression and overall efficiency [4] . In case of the current Ku-band design, we implement the loop using BS coupled strip lines instead of co-planar ones, as represented in Fig. 3 . The standard two-layer PCB technology is replaced by a four-layer (layer refers to copper) design to accommodate this loop. Its design, as shown in Fig. 3(b) , does not require inverters to maintain equal path lengths between the individual traces of the differential line, as the old design in Fig. 3(a) . In fact, the matching performance of these inverters showed to degrade at higher frequency (Ku), due to the minimum dimensions of track and gap width allowed by the PCB technology.
B. Array Manufacturing
A view of the produced antenna prototype is presented in As previously mentioned, the array is loaded with a WAIMsheet. This sheet is characterized as electrically thin and of a high permittivity value [16] . For proper performance, the sheet is positioned above the dipoles at about one-tenth of the smallest wavelength (λ min ) in the frequency band of interest. Its practical implementation is presented in Fig. 4(d) . To guarantee the placement of the thin sheet at λ min /10 from the dipoles, the ideally continuous sheet is segmented into small squares that just fit in the unit cells of the array. Correct and equal height position of the squares in each cell could effectively be established by integrating the sheet with a tailored foam cover. The WAIM-sheet layer stack is presented in Fig. 5(a) and is composed of Rohacell foam, CuClad 2650 bonding film and a RO6010 (ε r = 10.5) sheet. The manufactured WAIM cover is presented schematically in Fig. 5(b) . Dimensions of the individual segments are slightly less than the cell sizes. The edged foam top-portions help to guide the square sheet segments in each of the array cells when mounting the cover onto the array. It was found in practice that mounting the WAIM cover on top of the array was a simple and repeatable process.
III. MEASUREMENT OF MATCHING CHARACTERISTICS
A finite-element method (FEM) modeler [17] has been used to simulate the present connected-dipole array, using the unitcell approach. For optimum experimental validation of the simulated performance, logically the most centralized cell in the array is taken as a reference. All necessary coupling coefficients are thus probed and measured relative to this cell, which is indicated in Fig. 6 .
A. Mutual Coupling and Active Matching
The coupling levels with increasing distance between active and probed elements has been explored. This was done along the horizontal and vertical directions as presented in Fig. 6 . Each cell contains a horizontally (H) and a vertically (V) polarized element. The VV-and HV-couplings related to the designations C 1 . . .C 8 in Fig. 6 , are shown in the graphs of Fig. 7 . We can observe individual smooth behaviors (absence of sharp resonances), nonoverlapping curves and a gradual decay with increasing interelement distance. Similar graphs exist for the remaining couplings (HH and VH), but they are not reported for the sake of brevity.
The active VSWR is plotted in Fig. 8 for BS and radiation under extreme scanning conditions (60
• in the E-and H-plane). These results refer to the sum of 11 × 11 elements centered on the reference cell "88" (see Fig. 6 ). Both polarizations of the array are active. Summing a subset of the entire array for the calculation of the active impedance leaves two or three rows of dummy elements at the edges of the array.
From the shown cases, the comparison of the measured AR with simulations is appreciable. Since the prototype is a complex structure, deviations can be attributed to tolerances in the production process. We have considered a number of tolerances inherent to the structure and found effects that can explain the indicated deviations.
Based on the acquired coupling database, the AR has also been calculated for an extended set of scan conditions. These range through the complete scanning cone of interest, i.e., θ s = {0
• , . . ., 60
• } for all planes φ s = {0 • , . . ., 360
• }. Results are presented in Fig. 9 for two frequencies in the receive band, 11 and 12 GHz, and one frequency in the transmit band, 14.25 GHz. The active reflection (AR) coefficient is plotted as a function of the scan direction cosines, i.e., (u s , v s ) for which we then have: (u max s , v max s ) = sin 60 • = √ 3/2 as the maximum scan radius of interest. The maps refer to the horizontal element in the reference cell and, as expected, we found an orthogonal symmetry when comparing with the vertical one. From the graphs on the AR coefficient, we can observe that in some specific situations its value approaches −5 dB. Especially, in the receive band (10.70 to 12.75 GHz), this might be considered as problematic. However, such a level can be tolerated by the application at hand where the required receive chain sensitivity is 8 dB/K.
B. System Sensitivity
Antenna matching levels, active or not, are mostly considered as good when they are lower than −10 dB. However, the qualification "good" depends on the requirements of the application. For the current case, a system gain over effective system temperature (G SYS /T e ) of 8 dB/K is required.
Considering a receive chain containing a low-noise amplifier (LNA, see Fig. 10 ) with sufficiently high gain and noise figure F , the following expression can be written:
In (1), the antenna array gain is represented by G a , L = L a L 1 is the combined attenuation due to material losses of the antenna (L a > 1) and feed network (L 1 > 1), and Γ is the AR coefficient of the unit-cell element. The combined material losses at Rx have been calculated as 0.75 dB (worst case, simulated with HFSS for a unit cell [17] ), and T a for an antenna with no earth-directed side lobes is estimated at 50 K. Additionally, we have T 0 = 290 K. For the antenna array envisaged for the application 70 × 70 elements are required, which give a gain of 36.45 dBi at 10.7 GHz, when scanning to 60
• . To get an indication of the worst acceptable Γ for the current application, we can set G SYS /T e = 8 dB/K and invert (1) to find the noise figure of the LNA as a function of the AR. This analysis, shown in Fig. 11 , indicates that moderate matching levels can be accepted without need for unrealizable receive chain noise figures. For instance, an AR coefficients of −5 dB would still satisfy the requirement on the G SYS /T e if the receive chain noise figure is about 3.2 dB. Such noise figure can be guaranteed by nowadays off-the-shelf components.
C. Dependence on Polarization
For the current application, specific polarization settings are required depending on the operational mode. In the receive mode, the polarization must be circular, either RHCP or LHCP. In the transmit mode, the polarization must be variable slant linear.
The effect of the polarization on the AR has been calculated for BS and beam scans toward 60
• as visualized in the graph of Fig. 12 . For all the polarization settings, equal amplitude is considered for the two orthogonal arrays. It is observed that the variation of the active VSWR for the polarization setting is quite contained throughout the frequency range. Similar variations can be expected for other beam settings.
IV. RADIATION CHARACTERISTICS
In order to characterize the realized array also at pattern level, specific test support equipment (TSE) has been developed. In Fig. 13 , a view on the realized TSE architecture is shown. The TSE is a programmable passive beam former network (BFN) that utilizes a mother board to drive 16 daughter boards. Each of these daughter boards comprises 32 analog phase shifters for beam direction control, and 32 analog attenuators to control the amplitude tapering. These components are equally divided over both sides of the boards. Polarization control is arranged at mother board level by adjusting the amplitude and phase in both main branches. A comparison between the measured and the simulated radiation patterns for scanning to θ s = {30
• , 60
• } in the H-plane and D-plane is shown in the graphs of Figs. 14 and 15, respectively. The patterns that were measured for scanning in the E-plane are quite similar to those of the H-plane and have, therefore, not been included. Simulations refer to the infinite array analysis performed in Ansys HFSS [17] , to which a windowing approximation is applied [18] to include the array factor. All patterns in the graphs are normalized to the maximum level at 30
• scan and relate to the highest frequency considered in the receive band (12.1 GHz). Especially, from the results in the principal plane, the pattern shows well-defined main beam, nulls and side lobe decay. Co-and cross-polarized patterns compare well to simulations. First side lobe amplitudes for BS radiation were found close to the −13.27 dB level for uniform illumination and the widening of the main beam over scan angle follows the 1/ cos θ rule. In the diagonal plane, cross-polar levels (defined according to the third definition of Ludwig [19] ) are higher than the expectation from simulations. However, the values are below 10 dB.
Since the worst cross-polarization levels can be expected along the diagonal plane, it is of special interest to observe the pattern characteristics for those situations. BS and scanned patterns for the three frequencies are plotted in the graphs of Figs. 16 and 17 . Again, also here the expected features of the radiation pattern can be distinguished, such as low side lobes and beam widening for larger scan angles. Cross-polarization levels remain quite low except for the extreme scanning angle at the higher frequencies. Less obvious for the principal plane but clearly identifiable for the diagonal plane patterns (where the side lobes are on average at a significant lower level) is a distinctive lobe at BS for both the co-and cross-polarized patterns. A specific study related to this has shown that it is induced by the imperfections generated by the TSE. This is indicated in Fig. 17(b) where the measured pattern for extreme scanning in the plane at the highest frequency is compared to patterns calculated through a rigorous summation of cosine element patterns. These elements are placed with the same periodicity of the prototype array but fed with several erroneous phase and amplitude distributions derived from the practical settings of the BFN. Obviously, when lowering the error, the pattern will eventually line up with the exact one. Deviations reaching an absolute error as high as 10
• in phase and an average error of −1.3 dB in power (represented by the blue curve) with respect to the ideal distributions induce the BS lobe that is comparable to the one measured. These deviations were also found during characterization of the TSE in a stand-alone condition after comparing the generated aperture distribution with the ideal distribution.
V. CONCLUSION
A Ku-band dual-polarized connected dipole array consisting of 512 elements has been successfully constructed and tested. The prototype array is characterized both in terms of AR and radiation characteristics. It was found that the reflection is compliant with the required G SYS /T e of 8 dB/K for the application. Comparison of the experimental results with simulations shows to be appreciable and deviations can mainly be attributed to tolerances in the manufacturing process.
By means of the developed BFN, we have been able to test the radiation characteristics of the prototype array for several scanning conditions. The resulting measured patterns indicate good performance and good match with the simulated patterns. For the vast majority of cases, the measured crosspolarization suppression reached levels higher than 15 dB. Only for the higher frequencies under extreme scanning, the crosspolarization suppression reduces to 10 dB. The antenna can scan electronically up to 60
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